In cycling, non-traumatic injuries affecting the genitourinary tract have been the most extensively studied considering their effect in reducing the quality of life. The employment of saddle with specific geometries and of cycling shorts with pads can contribute to reduce the pressure on the perineal area and to increase the level of comfort. The aim of this study was to develop a method to quantify the mechanical properties of pads which can influence the cyclist's perineal protection and its level of comfort. The proposed method consisted of both a laboratory and a field test component. The laboratory part included an accelerated fatigue test of 300,000 cycles performed with an hydraulic actuator. Loads employed were derived from pressure data collected on the saddle of a professional cyclist who pedalled both on asphalt and crossing potholes at a constant speed. The measurement of cylinder force and displacement allowed to calculate the damping and the stiffness over time for the pads tested. The field test allowed to collect the acceleration at the seatpost of the bike and at the back of the cyclist by means of two accelerometers. A transfer function (H(f )) allowed to quantify the vibration transmissibility of the pads. The application of our method characterized the pads tested concerning damping, stiffness and vibration transmissibility. This method could be useful for the manufacturer in the choice of density and thickness of foams, to obtain the desired level of protection, comfort and long-time efficacy of pads.
Introduction
Road cycling is a worldwide recreational and competitive activity for both men and women. Beyond traumatic injuries associated with bicycle riding, pedalling for several hours can also lead to localized discomfort in the main contact areas between the cyclist and the bike: handlebar, saddle and pedals.
From a physiological point of view, the intensive use of the bicycle can also be the cause of non-traumatic injuries with a prevalence that can be as high as 85%. 1 Among these, the overuse injuries affecting the male genitourinary tract have been the most extensively studied considering their effect in reducing the quality of life. The main causes of genital numbness and erectile dysfunction seem to be determined by the compression and stretch of the pudendal nerve near the ischiatic tuberosities and the pubic arc. [1] [2] [3] [4] [5] The consequence is a transient hypoxaemia of the nerve and/or a primary neuropathic process. 2, 3 Another cause of genitourinary impairment is the compression of the perineal artery. The consequence is a reduction of the blood flow to the penis that imbalances transforming growth factor beta 1 (TGF-b1) and prostaglandin E (PGE) in favour of TGF-b1. This mechanism induces a synthesis of collagen and connective tissue in the corpus cavernosum with a negative effect on the erectile function. 3 The majority of the scientific studies investigated saddles with different designs and their influence on the pressure distribution on the perineal area together with the level of perfusion. [5] [6] [7] [8] [9] [10] For a whole comprehension of the problem, the posture of the cyclist and its effect on the compression of the perineal area was also investigated by means of tomography scans. 11 The authors underlined the importance of the body posture more than the seat design in preserving the seat/symphysis space. 11 According to road cyclists' experience, a fundamental piece of equipment is the pad inserted in the shorts. Scientific literature suggested its employment to prevent skin chafing. 12 Moreover, in a recent study, the role of different padded shorts in modifying the pressure distribution acting on the perineal area has been demonstrated. 13 Research relative to comfort in road cycling hypothesized that the higher the level of bicycle's vibration, the lower the level of comfort. 14, 15 Applying accelerometers in specific part of the frame and wheels has resulted as an increase in the vibrations induced to the bike by increasing speed or tire pressure.
14 Also the employment of different wheels has been demonstrated to influence the amount of vibrations induced to the bike and thus the level of comfort. 15 Ho¨lzel et al. 16 concentrated on different road surfaces showing how they influenced the level of vibrations and the rolling resistance, parameters linked to the level of comfort. However, in neither of these studies, the amount of vibrations was correlated with the level of comfort perceived by the cyclist, measured with numeric scales. Conversely, the employment of questionnaires and numeric scales was done in studies on vehicle seats showing how several factors could contribute to the level of comfort perceived by the drivers. It has been hypothesized that the static factors are linked to the overall design of the seat and did not change rapidly while the dynamic factors are caused by the environment vibration on the seat. 17 Moreover, Mansfield et al. 18 showed how discomfort significantly increased with time and that this effect is emphasized in the presence of vibration, confirming previous investigations on this topic. 19, 20 Also the foam composition of the seat has been shown to influence the onset of discomfort during long-duration journeys. 18 Pads are made of foams with different structures and densities, making necessary to get information about the behaviour of their mechanical properties over time to assure an adequate level of comfort and to guarantee an efficient contribution in the protection of the perineal area. Therefore, the aim of this study was to develop a standardized and repeatable method to quantify mechanical properties of pads linked to the cyclist's comfort and to perineal protection. The properties investigated in this study are damping, stiffness and vibration reduction. The method provided an outdoor field test and an indoor laboratory fatigue test. Data collected during the outdoor field test were used for the vibration analysis and to set the parameters of the laboratory fatigue test reproducing as close as possible what happened pedalling on the road.
Methods

Instrumentations and experimental protocol
Outdoor field test. A professional cyclist volunteered to participate in the study (height: 180 cm; weight: 67 kg). He pedalled for five trials on a 250-m straight flat asphalt surface at a constant speed (30 km/h, self monitored by the cyclist by means of the bike computer on the handlebar) and with the same gear ratio (53 3 18). At the end of each trial, he also had to cross three consecutive potholes keeping the cranks parallel to the ground with the buttock on the saddle. The cyclist had to repeat this testing protocol three times, each time wearing a different model of pad. The first pad named 'Blaze' (345 mm 3 210 mm, thickness of 5-10 mm with foam density of 60 kg/m , respectively, front and back) was indicated for long distances. All the pads were developed and commercialized by the same manufacturer (CyTech s.r.l, San Vendemiano, TV, Italy) and are presented in Figure 1 . The cyclist had to maintain a seated posture with the hands placed over the brake levers during the whole trial. Cyclist pressure distribution on the saddle surface during the field test was collected by means of a Pliance X-32 system (Novel GmbH, Munich, Germany) which included its dedicated bicycle saddle mat. The mat consisted of 234 square capacitive sensors (sensor dimension: 1.875 cm 3 1.875 cm) that were calibrated up to 400 kPa. Data were collected at 60 Hz.
In order to assess the damping effect of the pads on the cyclist's soft tissues, two uniaxial accelerometers were placed on the bike and on the cyclist. The first accelerometer was placed on the bike seatpost with its axis perpendicular to the asphalt. The second accelerometer was placed on the back of the cyclist between the two posterior iliac supine spines by means of a customized aluminium support, orienting its axis perpendicular to the asphalt. During this operation, the cyclist was asked to maintain his riding posture. The signals of the two accelerometers were collected at 1 kHz by means of a portable data logger (BTS Bioengineering, Milan, Italy).
Lab accelerated fatigue test. A 858 MTS Mini Bionix II Material Testing System (MTS System Corporation, Eden Prairie, MN, USA) with a 15-kN hydraulic actuator was employed during the lab fatigue testing. The Mini Bionix system allowed to measure the force and the displacement of the hydraulic actuator by means of a force transducer and a linear variable differential transformer, respectively. In order to perform the test, two flat aluminium plates (thickness 5 mm) were built and properly fixed to the Mini Bionix system. Then, each pad was positioned between the two plates. Pressure data collected during the outdoor field test allowed to determine a representative pressure range employed to severely stress the foams of the pads. Therefore, the load of the servo hydraulic actuator ranged from 300 to 4500 N, following a sine tapered wave function with a frequency of 6 Hz. The 300 N force was necessary to mimic the mean pressure recorded on the pads during seating pedalling, while the 4500 N force was necessary to mimic the peak pressure recorded on the pads while crossing the potholes. The 6-Hz frequency was chosen as approximately the double value of the pedalling frequency recorded in the field test, considering both right and left pushes. This load was applied for three repeated fatigue blocks of 100,000 cycles; a time interval of 30 min was set between the three fatigue blocks to mimic the rest of the cyclist after each ride.
Data analysis
Frequency analysis
In order to obtain information on the frequency content of the signals collected by the two accelerometers, a one-sided power spectral density (PSD) was calculated for each sensor using Welch's method involving a Hamming window. A transfer function (H(f )) was then determined using the PSD calculated from the acceleration recorded at the bike seatpost (input, X(f )) and at the back of the cyclist (output, Y(f )), using the following equation 
Lab accelerated fatigue test
The MTS station manager software allowed to record the displacement in millimetres of the hydraulic actuator together with the force in Newtons of each of the three fatigue blocks and for each pad. The hysteresis cycles of interest for the analysis of damping and stiffness properties were calculated using a customized script (MATLAB, The MathWorks, Inc., MA, USA) for the three fatigue blocks. An example of the hysteresis cycles relative to the 10,000th cycle for each of the three pads is reported in Figure 2 . Subsequently, the area defined by the hysteresis cycle of the full range cycles selected was calculated. This area was expressed in millijoules and represented the energy absorbed by the pad during the test, thus providing information about its damping property. Pad stiffness was calculated for the same hysteresis cycles dividing the force applied by the displacement recorded. The absorbed energy and the stiffness were plotted for each of the 100,000 fatigue block in function of the number of cycles.
Results
Data referred to the frequency analysis are reported in The three cycling short pads investigated in this study exhibited different level of energy absorption showed mean values expressed in millijoules. 'Multi-D' had the highest value of energy absorption in all the fatigue blocks, while differences between 'Blaze' and 'Tour' were negligible. All the pads tested displayed a decrease in the absorbed energy in the third fatigue block compared to the first block. Figure 5(a)-(c) showed the stiffness trend for each of the three blocks. 
Discussion
The main purpose of this study was to develop a standardized and repeatable method to quantify specific mechanical characteristics of cycling pads related to perineal area protection and comfort. The test method allowed to characterize cycling pads, thus quantifying their damping property in terms of energy absorbed. With the assumption that the more was the energy absorbed by the pad, the more was its contribution in preserving the perineal area of the cyclist. Considering the prevalence of non-traumatic injuries during cycling that has been demonstrated to be as high as 85%, 1 the development of experimental test protocols to evaluate cycling clothing properties is fundamental for the individuation of suitable countermeasures. Moreover, particular attention should be paid to those referred to the genitourinary tract. Moreover, our lab accelerated fatigue test, which simulated the loads applied during cycling, provided useful information on the capacity of maintaining damping properties over time. Till today, research investigating sport equipment in cycling mainly focussed on the development of saddles with innovative geometries in order to preserve perineal vascular perfusion and nerve compression. [7] [8] [9] 10 However, attention has recently been paid also to the capacity of cycling pads in modifying the pressure distribution acting on the perineal area. 13 To this extent, our test method allowed to add other key information on pad foams in terms of absorbing energy capacity and stiffness characteristics. These properties are strictly linked both to the protection of the perineal area and to the level of comfort during pedalling. In our results, 'Multi-D' showed the highest capacity in absorbing energy during all the three fatigue blocks. Furthermore, our results showed how the highest reduction was detected for all pads within the first fatigue blocks while a similar behaviour was observed in the second and in the third fatigue block (Figure 4) . We can speculate that the highest damage of the foam structure occurred during the first fatigue block. 'Multi D' was found to be the least stiff in all the fatigue blocks ( Figure 5 ). The frequency analysis provided information on how pads attenuate vibrations in a non-linear way. This is another interesting aspect that has to be taken into account in the development of clothing that are an interface between the human body and the bicycle as pads, insoles and gloves because of its effect on health and comfort. In fact, vibrations have been shown to be relevant when studying discomfort in vehicle seats, [18] [19] [20] while in cycling, frequency analysis has been used for the vibrational response of racing bicycle wheels 21 and to study saddle vibration transmissibility. 22 Our method allowed, for the first time, to study the vibration transmissibility of pads from 0 to 120 Hz. For a better interpretation of these results, we need to consider the ISO 2631-1 23 standard and its regulation on human exposure to whole-body vibration. In particular, the standard states that the frequency range considered for health comfort and perception ranged from 0.5 to 80 Hz. 23 In our study, both pads reduced the amount of vibrations from 10 to 80 Hz with a higher damping effect at 20 and 80 Hz. Nevertheless, the pads' behaviour should be improved in the range 0.5-10 Hz considering also that human body does not dampen vibrations between 4 and 8 Hz. 23 
Conclusion
Our study proposed an experimental method for the mechanical characterization of cycling short pads to quantify the parameters related to the cyclist perineal area protection and to its level of comfort in terms of stiffness and vibration transmissibility. It has to be taken into account how the choice of the loading range for the lab accelerated fatigue test influenced the damping properties of pads. A limitation of the proposed method is the employment of load values ranging from cycling on flat asphalt to crossing potholes. To broaden the investigation, the analysis should be extended to other loading ranges quantifying their effect on damping and stiffness properties. Results obtained from the proposed method can help the manufacturer to vary density and thickness of foams, in order to obtain the right compromise among protection, comfort and longtime efficacy. Moreover, the parameters presented in this study could be useful to study new foam prototypes and their effect on the final pad properties.
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